In Drosophila melanogaster there are two genes encoding ribosomal protein S5, RpS5a and RpS5b. Here, we demonstrate that RpS5b is required for oogenesis. Females lacking RpS5b produce ovaries with numerous developmental defects that undergo widespread apoptosis in mid-oogenesis. Females lacking germline RpS5a are fully fertile, but germline expression of interfering RNA targeting germline RpS5a in an RpS5b mutant background worsened the RpS5b phenotype and blocked oogenesis before egg chambers form. A broad spectrum of mRNAs co-purified in immunoprecipitations with RpS5a, while RpS5b-associated mRNAs were specifically enriched for GO terms related to mitochondrial electron transport and cellular metabolic processes. Consistent with this, RpS5b mitochondrial fractions are depleted for proteins linked to oxidative phosphorylation and mitochondrial respiration, and RpS5b mitochondria tended to form large clusters and had more heterogeneous morphology than those from controls. We conclude that RpS5b-containing ribosomes preferentially associate with particular mRNAs and serve an essential function in oogenesis.
Introduction
Increasing evidence indicates that ribosomes are heterogeneous and perhaps dynamic, in contrast to the classical view of them as constitutive machinery for protein synthesis (1-11). In Drosophila melanogaster, nine ribosomal protein genes are each present in two paralogs, and in many of these cases one of the paralogs is primarily expressed in germline tissues (12) (13) (14) . Single paralogs of four genes encoding ribosomal proteins (RpS5b, RpS10a, RpS19b, are abundantly expressed in germline stem cells and primordial germ cells (15, 16) . RpS5b is also upregulated in l(3)mbt brain tumors whose cells are in an undifferentiated state and express many germline-specific genes, of which some have been implicated in tumor growth (17). These observations suggest that variant ribosomes with different protein composition may be an important factor in establishing or maintaining stem cell and/or germline identity. To investigate this, we examined the cellular and developmental functions of RpS5b. Figure   1A ). Using paralog-specific antisera that respectively recognize N-terminal peptides of RpS5a and RpS5b, we determined that both paralogs are incorporated into ribosomes, since they co-purify with a canonical ribosomal protein, RpS6 ( Figure 1B ). RpS5b migrates on sucrose gradients in a similar manner to RpS5a, with major peaks corresponding to the 40S small ribosomal subunit and 80S monosomes ( Figure S1A ). Importantly, RpS5a and RpS5b do not co-purify above background levels with each other (Figure 1B) , indicating that an individual ribosome contains one isoform or the other, but not both. Both paralogs also co-purify with poly(A) binding protein (pAbp), which binds indirectly to ribosomes through interaction with translation factors, but not with a-tubulin, a negative control ( Figure 1B ).
Results

Different
In adult flies, RpS5a expression is widespread, while detectable RpS5b expression is restricted to ovaries and testes ( Figure 1C ). Reflecting a maternal contribution of RpS5b, it is the predominant isoform in 0-2 h embryos, but in later embryos the level of RpS5a increases ( Figure 1D ).
Immunohistochemical staining of ovaries revealed that RpS5b is mostly expressed in germline cells.
RpS5a is primarily expressed in follicle cells, but some RpS5a signal above background is apparent in germline cells ( Figure 1E ). Similarly, in testes RpS5b is mostly expressed in germline cells while RpS5a is present in the soma ( Figure S1B ).
RpS5b is specifically required for oogenesis
Mutations in canonical ribosomal protein genes including RpS5a (18) produce a phenotype called Minute; heterozygotes exhibit developmental delay and the adults that emerge have bristle defects and reduced viability and fertility, while homozygotes are embryonic lethal. To examine the consequences of loss of RpS5b, we obtained an RpS5b mutant from a large-scale insertion mutagenesis screen (RpS5b G5346 ) (19), subsequently referred to simply as RpS5b, that does not produce detectable levels of protein ( Figure   2A ). RpS5b mutant flies are fully viable and male RpS5b mutant flies are fertile. Female RpS5b mutant flies, however, are completely sterile and do not complete oogenesis. The nurse cells, follicle cells, and oocyte of these flies all differentiate, but very few egg chambers progress beyond stage 8-9, after which point apoptosis is induced, as measured by cleaved caspase-3 immunostaining ( Figure 2B , C). In addition, we observed numerous developmental defects in RpS5b mutant ovaries. Some egg chambers contained more than 16 germ cells with one or two oocytes ( Figure 2D , Figure S2A , 0.8% and 6.4%
respectively in all the stage 4 and later egg chambers), some egg chambers failed to separate (Figure 2E, 8 .1%), while others had 16 germ cells but two oocytes ( Figure 2F , 1.1%) or a mis-localized oocyte ( Figure 2G , 2.9%). We also frequently observed over-proliferation of follicle cells with multiple cell layers present at the posterior of egg chambers (Figure 2H, 54%) . Polarity defects in RpS5b mutant
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We also conducted similar co-immunoprecipitation experiments and RNA sequencing with wildtype ovaries using antisera that recognize each of the RpS5 paralogs, in order to determine whether these binding preferences are also observed in normal development. Again, largely non-overlapping sets of transcripts were enriched in either the RpS5a or RpS5b immunoprecipitates in comparison to input ( Figure S3A ). GO term analysis again revealed that RpS5b-associated mRNAs are most highly enriched for those involved in oxidative phosphorylation, electron transport chain function, electron transport chain assembly, and mitochondrial translation ( Figure S3B and Table S2 ), and many RpS5b-associated mRNAs encode proteins that localize to the mitochondrial inner membrane. In contrast, only high-level GO terms related to transcriptional regulation, development, and morphogenesis were enriched among RpS5a-associated mRNAs ( Figure S3B ).
In addition to functional differences, we also found structural differences in the populations of RNAs that associate with RpS5a and RpS5b. RpS5b-associated mRNAs were smaller, again with significantly shorter CDS, but also with significantly shorter 5' and 3' UTRs, than RpS5a-associated mRNAs ( Figure   S3C ). We also identified sequence motifs that were selectively enriched within RpS5b-or RpS5a-associated mRNA targets ( Figure S3D ). While these motifs have no established function, their differential enrichment provides further evidence that RpS5a and RpS5b preferentially associate with different populations of mRNAs.
To investigate whether RpS5a can be recruited to mRNAs that are normally associated with RpS5b,
we examined the population of RpS5a-associated mRNAs in the Rps5b mutant. In this situation, the average 5' UTR and 3' UTR lengths of RpS5a-associated mRNAs were significantly shorter than those of RpS5a-associated mRNAs in the ovary with wildtype RpS5b, but significantly longer than those of RpS5b-associated mRNAs in the ovary with wildtype RpS5b ( Figure S3C ). We then individually examined the 62 mRNAs that were most enriched to RpS5b in wildtype and compared their association with RpS5a in wildtype and RpS5b background. We found that most of them were associated to RpS5a to an elevated degree in the RpS5b mutant ( Figure S3E ). Importantly, GO terms related to oxidative phosphorylation and mitochondrial processes were not significantly enriched among RpS5a-associated 8 mRNAs in the RpS5b mutant. These results suggest that germline RpS5a can to some extent recruit mRNAs that normally associate with RpS5b when RpS5b is absent in the RpS5b mutant, but that this compensation is only partial and insufficient to rescue oogenesis, leading to the phenotypes we observe.
Proteomic analysis reveals depletion of mitochondria proteins in RpS5b ovaries
To investigate the role of RpS5b in global translation, we used tandem mass spectrometry to compare the proteomes of similarly staged RpS5b and wildtype ovaries. We prepared lysates from these tissues and separated them into cytosolic and mitochondrial fractions by centrifugation. The levels of many proteins changed significantly in RpS5b lysates versus wildtype. We observed enrichment of some classes of proteins in the mitochondrial fraction of RpS5b lysates, notably those involved in translation and other RNA dependent processes ( Figure 3D and Table S3 ). This does not necessarily imply increased levels of these proteins, as increased association of the cytosolic translational machinery with the mitochondrial outer membrane to support mitochondrial biogenesis during Drosophila oogenesis has been previously described (21). Consistent with the RNA analysis, proteins with GO terms related to oxidative phosphorylation were depleted in the RpS5b mitochondrial fraction as compared to wildtype ( Figure 3E and Table S3 ). Proteins with higher abundance in the cytosol of RpS5b ovaries fell into numerous categories, while those with lower abundance included those involved in developmental processes that occur in later oogenesis, reflecting the developmental block during oogenesis in these ovaries ( Figure S4 ).
Rps5b mitochondria have altered morphology and form large aggregates
Since our analysis indicated particular effects on mitochondrial components, we examined the morphology and function of mitochondria in RpS5b-null ovaries. Immunostaining of mitochondria in the mutant ovary showed extensive clustering, in contrast to the more dispersed distribution of mitochondria in wildtype ( Figure 4A ). This pattern was confirmed in the RpS5b germline clones ( Figure 4A ), indicating that the mitochondrial phenotype is due to the lack of germline RpS5b.
To further investigate this, we employed transmission electron microscopy (TEM) and focus ion beam scanning electron microscopy (FIB-SEM) to image the mitochondria in nurse cells of both wildtype and 17. Janic, A., Mendizabal, L., Llamazares, S., Rossell, D., and Gonzalez, C. (2010) Tables   Table S1 . Complete lists of mRNAs enriched in a-FLAG immunoprecipitations of nos>GAL4 FHRpS5a and nos>GAL4 FH-RpS5b, along with GO term analysis for overrepresented biological processes carried out using PANTHER (36). Relevant to Figure 3A -C. Relevant to Figure S3 . RpS5b ovaries as compared with wild-type ovaries, along with GO term analysis for overrepresented biological processes carried out using PANTHER (36). Relevant to Figure 3D -E and Figure S4 . 
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